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Intervertebral spacesDifferent from tetrapods, teleost vertebral centra formwithout prior establishment of a cartilaginous scaffold,
in two steps: First, mineralization of the notochord sheath establishes the vertebral centra. Second, sclero-
tome derived mesenchymal cells migrate around the notochord sheath. These cells differentiate into osteo-
blasts and deposit bone onto the mineralized notochord sheath in a process of intramembranous bone
formation. In contrast, most skeletal elements of the cranial skeleton arise by chondral bone formation,
with remarkably similar mechanisms in ﬁsh and tetrapods. To further investigate the role of osteoblasts dur-
ing formation of the cranial and axial skeleton, we generated a transgenic osx:CFP-NTRmedaka line which en-
ables conditional ablation of osterix expressing osteoblasts. By expressing a bacterial nitroreductase (NTR)
fused to Cyan Fluorescent Protein (CFP) under control of the osterix promoter these cells become sensitive
towards Metronidazole (Mtz). Mtz treatment of stable osx:CFP-NTR transgenic medaka for several consecu-
tive days led to signiﬁcant loss of osteoblasts by apoptosis. Live staining of mineralized bone matrix revealed
reduced ossiﬁcation in head skeletal elements such as cleithrum and operculum, as well as in the vertebral
arches. Interestingly in Mtz treated larvae, intervertebral spaces were missing and the notochord sheath
was often continuously mineralized resulting in the fusion of centra. We therefore propose a dual role for
osx-positive osteoblasts in ﬁsh. Besides a role in bone deposition, we suggest an additional border function
during mineralization of the chordal centra. After termination of Mtz treatment, osteoblasts gradually reap-
peared, indicating regenerative properties in this cell lineage. Taken together, the osx:CFP-NTR medaka line
represents a valuable tool to study osteoblast function and regeneration at different stages of development
in whole vertebrate specimens in vivo.
© 2012 Elsevier Inc. All rights reserved.Introduction
During embryogenesis, the cranial skeleton develops in remarkably
similar ways in teleosts and tetrapods. Both utilize intramembranous
ossiﬁcation, where bone is formed directly in the absence of a cartilage
scaffold, as well as chondral ossiﬁcation, where an initial cartilage scaf-
fold is replaced (endochondral) or surrounded (perichondral) by bone.
In contrast to the cranium, however, the vertebral bodies are formed by
notably different mechanisms in teleosts and tetrapods. In mammals
and birds, the vertebral column is assembled by populations of mesen-
chymal cells that migrate around the notochord. They originate from
the sclerotome, which is part of the embryonic mesodermal somite
(Christ et al., 2004). Subsequently, these mesenchymal cells undergo
differentiation into chondrocytes and bone forming cells (osteoblasts)
and eventually assemble the mineralized vertebrae containing the cen-
trum, as well as the neural and hemal arches. Any failure in osteoblast
differentiation results in the absence of mineralized vertebrae (Chanational University of Singapore,
re. Fax: +65 6779 2486.
rights reserved.et al., 2007; Nakashima et al., 2002). Prior to calciﬁcation, a transient
cartilage scaffold composed of segmented vertebral bodies (centra) is
formed that follows the spatial information established by the somitic
boundaries. Experiments in mouse mutants with defects in genes that
are crucial for somitogenesis showed that such embryos fail to develop
a segmented vertebral column (Chan et al., 2007; Kanda et al., 2007).
In contrast, in teleosts vertebral centra form without involvement
of a cartilage scaffold whereas vertebral body arches (neural and
hemal arches) may or may not have a cartilaginous precursor in dif-
ferent species and different parts of the vertebral column. In zebraﬁsh
for example, neural and hemal arches arise by intramembranous ossi-
ﬁcation. Exceptions are the anteriormost neural arches that constitute
the Weberian apparatus and the posterior arches that support the
caudal ﬁn, which have a cartilaginous anlage (Bird and Mabee,
2003; Bensimon-Brito et al., 2012). A central role for the notochord
in centra mineralization was proposed by Fleming et al. (2004),
who showed that the zebraﬁsh notochord, when isolated and cul-
tured, eventually secreted mineralized matrix on its own without in-
volvement of recruited osteoblasts. They also demonstrated that local
ablation of notochord cells resulted in absent centra mineralization in
this region. For Atlantic salmon it was reported that notochord cells
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which is a marker for mineral secreting activity (Grotmol et al.,
2005). Inohaya et al. (2007) showed that a mineralized chordal cen-
trum is formed from the notochord sheath, an acellular layer that sur-
rounds the notochord, before differentiation of sclerotome derived
osteoblasts. However, they proposed osteoblasts to be the main
source of subsequent mineralization.
The teleost vertebral column seems to be pre-patterned indepen-
dently from somites as suggested by observations made in fused-
somite (tbx24) mutant zebraﬁsh (Nikaido et al., 2002). These mutants
are characterized by a disrupted anteroposterior identity of their so-
mites and therefore an unorganized sclerotome pattern. Neverthe-
less, the centra still organize in a normal fashion while neural and
hemal arches grow severely disorganized (van Eeden et al., 1996).
This suggests an instructive property of the notochord with possible
contribution from the ﬂoor plate (Inohaya et al., 2010). However,
the mechanism on how the notochord establishes a possible meta-
meric pattern independently from, yet in absolute congruence with
somitic boundaries is unknown.
The formation of vertebral bodies depends on osteoblast function
in medaka (Inohaya et al., 2007). Sclerotome derived cells around the
notochord sheath differentiate into osteoblasts and secrete extracel-
lular bone matrix to build up the perichordal centrum, the bony
layer around the chordal centrum. Osteoblast differentiation also oc-
curs in the intervertebral region. Hence, at least two classes of osteo-
blasts are hypothesized (Inohaya et al., 2007). Class I cells are
osteoblasts at the anterior and posterior edges of the centra, which
secrete bone matrix and thereby facilitate rostrocaudal growth of
the vertebral bodies. Class II cells in contrast are involved in deposi-
tion of the extra elastica matrix and thereby prevent mineralization
of the intervertebral region (Inohaya et al., 2007).
Osterix (Osx) is a zinc ﬁnger transcription factor and key regulator
for the differentiation of pre-osteoblasts to osteoblasts in mouse
(Nakashima et al., 2002). In medaka, osx is expressed in early osteo-
blasts preceding bone mineralization (Renn and Winkler, 2009). osx
transgenic expression was observed in advance of mineralization of
the neural and hemal arches and at the edges but not the core of
the chordal centrum. Therefore, whether and how osterix-
expressing osteoblasts contribute to the segmentation of vertebral
bodies remains unclear. To further investigate the role of osteoblasts
for the formation of vertebrae, we generated transgenic medaka
that express the nfsB-gene encoded nitroreductase (NTR) from
Escherichia coli (Bryant et al., 1991) as a fusion protein with CyanFig. 1. An osx:CFP-NTR transgenic medaka line for osteoblast ablation. A. Mechanism of nitro
CFP and NTR (yellow) is expressed under control of the osterix promoter in osteoblasts (blu
express NTR transform the prodrug into the activated form of Mtz (kinked red bars). (3) Act
construct used to generate the transgenic osx:CFP-NTR line. C, D. osx:CFP-NTR larva at 20 dpf
eral view of entire larva). Brightﬁeld image is combined with ﬂuorescent image. Note: Blu
vertebral body as boxed in D. Empty arrowhead demarcates anterior edge of centrum, whit
tein, hence CFP levels are indicative for NTR expression levels.Fluorescent Protein (CFP) under the control of the osx-promoter.
NTR metabolizes the antibiotic Metronidazole (Mtz) into a DNA-
crosslinking cytotoxic product. This approach has been successfully
used for cell ablation in zebraﬁsh (Curado et al., 2008; Pisharath et
al., 2007). The present study is the ﬁrst report showing successful ap-
plication of the nitroreductase cell ablation technique in medaka.
Results
osx+ osteoblasts of osx:CFP-NTR transgenic medaka are sensitive towards
Mtz treatment
In stable transgenic osx:CFP-NTR medaka, a fusion protein of
nitroreductase (NTR) and Cyan Fluorescent Protein (CFP) is
expressed under control of the 4.2 kb osx-promoter, which has been
used to visualize early osteoblasts in medaka (Renn and Winkler,
2009; Fig. 1A, B). The distinct pattern of CFP ﬂuorescence is identical
to the reporter expression of osx:mCherry medaka and endogenous
osx transcription both during early and later stages (Renn and
Winkler, 2009). At 20 dpf, CFP can be detected in all skeletal ele-
ments, such as cleithrum, operculum and pharyngeal teeth in the
head, the ﬁn rays of the caudal ﬁn and in neural and hemal arches
as well as the edges of the centra in the axial skeleton (Fig. 1C–E).
To test whether osx+ cells are sensitive towards Mtz prodrug
treatment, osx:CFP-NTR larvae were exposed to 10 mM Mtz/0.1%
DMSO while the respective control group was incubated in 0.1%
DMSO (Fig. 2, right panel). As additional control, the same treatment
was conducted on osx:mCherry larvae to show that the speciﬁcity of
cell ablation is linked to NTR/Mtz interaction (Fig. 2, left panel). At 6
dpf, larvae from both transgenic lines were dechorionated, incubated
in Mtz and analyzed for ﬂuorescence. At this stage osx:mCherry
(Fig. 2C, D) and osx:CFP-NTR larvae (Fig. 2E, F) showed the typical pat-
tern of ﬂuorescence labeling in skeletal elements as described earlier
(Renn andWinkler, 2009). Importantly, a time point of 6 dpf was cho-
sen for onset of Mtz treatment to not interfere with early somite and
sclerotome patterning. In medaka at 6 dpf, sclerotome derived twist1
positive cells have already reached the notochord and assembled in a
segmental pattern (Inohaya et al., 2007; Yasutake et al., 2004). After
keeping the larvae in Mtz for 6 days (6–12 dpf) ﬂuorescence was an-
alyzed again. In osx:mCherry larvae no difference between Mtz and
DMSO treated individuals could be observed (Fig. 2G and H). In con-
trast, a signiﬁcant reduction of ﬂuorescence signal indicative for
successful cell ablation was evident in the skeletal elements of Mtzreductase (NTR) facilitated conditional cell ablation. (1) A fusion protein consisting of
e cell). (2) Larvae are immersed in the prodrug Mtz (straight red bars). Only cells that
ivated Mtz is a DNA crosslinking agent that induces apoptosis. B. Schematic diagram of
showing stable expression of CFP in osteoblasts (C, ventral view of head region; D, lat-
e signal in the yolk region is due to autoﬂuorescence. E. Higher magniﬁcation view of
e arrowhead marks posterior edge. Note that CFP and NTR are expressed as fusion pro-
Fig. 2. Osteoblasts of transgenic osx:CFP-NTRmedaka are sensitive towards treatment with Metronidazole (Mtz). A, B. Schematic diagrams of constructs used in transgenic lines. C–
F. Larvae before onset of Mtz treatment at 6 dpf (0 dot). Note that all larvae show reporter ﬂuorescence indicating the presence of osx-positive osteoblasts. G–J. Larvae at 12 dpf after
6 days of treatment (6 dot). Note that only osx:CFP-NTR larvae show reduction in ﬂuorescent signal in skeletal structures, such as cleithrum (arrow) and operculum (arrowhead)
indicating cell ablation. Data were obtained from 9 (osx:CFP-NTR) and 4 (osx:mCherry) independent experiments.
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vae showed normal stage-speciﬁc CFP pattern (Fig. 2I). This effect
was found to be most prominent in the cleithrum and operculum
(arrow and arrowhead in Fig. 2J), as well as in the neural arches,
whereas some ﬂuorescence signal remained in the ventral craniofa-
cial skeleton e.g. in the branchiostegal rays. Nine repetitions were car-
ried out with the osx:CFP-NTR line using a total of 73 DMSO controls
while 127 larvae were exposed to Mtz. From the 60 (82%) surviving
control larvae none showed reduced CFP signal while from the
group of 80 (=63%) surviving Mtz treated larvae all were character-
ized by signiﬁcant loss of ﬂuorescence. In the four repetitions of the
osx:mCherry control experiment, a total of 31 larvae served as DMSO
controls and 48 were exposed to Mtz. After 6 days of treatment
(dot), 30 (97%) of the DMSO controls survived, as did 29 (60%) of
the Mtz treated larvae. Neither in the DMSO group nor the Mtz
group any individual was found with reduced ﬂuorescent reporter
signal indicative for enhanced cell ablation. Taken together, these
data suggest that successful ablation of osx+ cells occurred only
after Mtz treatment of NTR transgenic specimens. The regular osx+
cell status in DMSO controls and in Mtz treated osx:mCherry larvae
supports Mtz target speciﬁcity and excludes off target effects of the
prodrug.osx+ cells undergo apoptosis upon Mtz treatment
NTR reduced Mtz is a DNA-crosslinking agent that causes efﬁcient
cell ablation by inducing apoptosis as has been previously shown in
zebraﬁsh (Curado et al., 2008; Pisharath et al., 2007). To conﬁrm
that loss of the ﬂuorescent signal in our samples is also due to cell ab-
lation, two assays for apoptotic cell death were carried out. Acridine
Orange (AO) stains nuclei of apoptotic cells in vivo in medaka
(Yasuda et al., 2008). osx:CFP-NTR larvae which underwent Mtz treat-
ment and their respective DMSO controls were stained with AO to as-
sess occurrence and frequency of cell death. DMSO controls showed a
normal CFP pattern (Fig. 3A, B) and no AO signal (Fig. 3E, F; n=12
embryos), which is also evident in the CFP/AO merged image
(Fig. 3I, J). In contrast, 15 out of 17 Mtz treated larvae, which were
characterized by signiﬁcant loss of CFP signal at the position of clei-
thrum, operculum and pharyngeal teeth (Fig. 3C, D), exhibited strong
AO signal in the regions of CFP loss (see arrows in Fig. 3G, H). The ex-
periment was repeated using TdT-mediated dUTP-biotin nick end la-
beling (TUNEL). Only single apoptotic cells could be detected in
DMSO treated control larvae (Fig. 3M, N). In contrast, extensive
TUNEL staining was observed in 40 out of 70 Mtz treated larvae at po-
sitions of ﬁrst ossiﬁcation after hatching (see Langille and Hall, 1987):the basioccipital bone, the paired prootics, pharyngeal teeth, the peri-
chondral symplectic bone along the hyoid arch (Fig. 3P, O, Q) as well
as in the rays of the developing caudal ﬁn (Fig. 3R). Noteworthy, all
these regions contain osx expressing osteoblasts (Fig. 1D; and Renn
and Winkler, 2009). Analysis of cartilage formation in Mtz treated
transgenic larvae revealed no obvious effects of osteoblast ablation
on surrounding tissues in the head (Supplemental Fig. S1). Taken to-
gether, these ﬁndings support that loss of CFP ﬂuorescence is a conse-
quence of apoptosis in osx+ cells due to Mtz prodrug treatment.
Osteoblast loss is conﬁrmed by osteocalcin expression analysis
Osteocalcin (osc) is expressed in mature osteoblasts with a slightly
later onset than osterix expression (Renn and Winkler, 2010). To ver-
ify that Mtz treatment leads to the loss of differentiated osteoblasts,
we therefore performed osc in situ hybridization on Mtz treated osx:
CFP-NTR larvae and their respective DMSO controls. At 12 dpf (6
dot), the expression of osc appeared normal in DMSO control larvae
(Fig. 4A, A′) while it was remarkably reduced in Mtz treated individ-
uals (Fig. 4B, B′). This was evenmore evident at 18 dpf (12 dot), when
DMSO controls showed prominent expression in the gill regions
(Fig. 4C, C′), while osc expression was signiﬁcantly reduced in 5 out
of 6 Mtz treated larvae (Fig. 4D, D′). This further supports the loss
of matured osteoblasts in Mtz treated osx:CFP-NTR larvae.
Ablation of osx+ osteoblasts exerts various effects on cranial and axial
skeleton
To analyze the impact of osx+ cell ablation on the skeleton, Alizarin
Complexone (ALC) bone stainingwas performed in vivo on osx:CFP-NTR
larvae after 12 days of Mtz treatment. In control larvae, the CFP signal
overlaps with ALC in the head skeleton (Fig. 5A–G) and in the caudal
ﬁn (Fig. 5U). In the vertebral column, the neural arches show overlap
of CFP and ALC signal (Fig. 5O–Q). CFP is also visible at the edges of
the centra (arrow in Fig. 5O). This pattern is consistent with the spatio-
temporal distribution of osx:mCherry positive cells reported by Renn
and Winkler (2009).
In the head skeleton, we focused our attention on analyzing two
structures: the cleithrum and the operculum. These are among the
ﬁrst structures in the cranial skeleton to undergo mineralization and
osx expression (Renn and Winkler, 2009). In control larvae at 18
dpf, osx+ cells formed a layer around the mineralized cleithrum
(Fig. 5A–D) and operculum (Fig. 5E–G), respectively, as evident by
the overlap of CFP and ALC signals (Fig. 5D, G). However, in Mtz trea-
ted larvae, the CFP signal was signiﬁcantly reduced. No osx+ cells
could be detected around the cleithrum (Fig. 5H–K) and only few
Fig. 3. NTR/Mtz treatment leads to cell apoptosis as evident by Acridine Orange (A–L) and TUNEL assays (M–R) at 12 dpf (6 dot). A, B. osx:CFP-NTR DMSO controls with normal
pattern of CFP expression in skeletal elements. C, D. Mtz treated osx:CFP-NTR larva with loss of osx-positive cells in skeletal elements evident by loss of ﬂuorescent signal. E, F. Con-
trol larva shows no Acridine Orange (AO) signal. G, H. Mtz treated larva with strong AO staining in regions of skeletal elements. I, J. Merged images of A and E, as well as B and F,
respectively. K, L. Merged images of C and G, as well as D and H, respectively. M, N. TUNEL staining reveals no increased apoptosis in DMSO treated control larvae. O, P. Mtz treated
larvae exhibit TUNEL positive cells in the basioccipital bone (bo), the paired prootics (po), the pharyngeal teeth (pt) and the symplectic in the hyoid arch (sh). Q. Higher magni-
ﬁcation view of region boxed in P showing TUNEL signal in perichondral symplectic bone associated with hyoid arch. Scale bar: 50 μm. R. TUNEL positive cells in developing caudal
ﬁn rays. Note that embryo is different from that shown in O–Q. Data were obtained from two (AO) and three (TUNEL) independent experiments.
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cleithrum and operculum showed weaker mineralization compared
to controls (Fig. 5C, J and F, M) and the operculum exhibited large
mineralization-free, furrow-shaped structures (Fig. 5M).
In the axial skeleton of controls, osx+cells are positioned around the
neural arches and at the borders of each chordal centrum next to the
base of the arches (Fig. 5O–Q). The intervertebral region is located be-
tween the centra (arrowheads in Fig. 5P). In Mtz treated larvae, CFP ex-
pression was absent (Fig. 5R–T). Mineralization of the neural arches
was reduced (compare Fig. 5P, S), and the arches appeared irregular
in shape when compared to controls (arrow in Fig. 5S). Also no CFP ex-
pression could be detected around the centra, which indicates that all
osx+ cells were ablated also in this region (Fig. 5R). Interestingly, the
width of the intervertebral regions (compare arrowheads in Fig. 5P
and S) was strongly reduced and the chordal centra appeared partiallyfused. Such fusions occurred at various positions along the vertebral col-
umn (see Fig. 5W for different larva). ALC staining displayed an uninter-
rupted mineralization across the intervertebral regions of Mtz treated
larvae (Fig. 5W, X), concomitant with a substantial loss of CFP signal
compared to DMSO controls (Supplemental Fig. S4). Mineralization ex-
tended across the rostrocaudal borders of several centra resulting in the
fusion of vertebral bodies. This phenotype was observed after Alizarin
Red/Alizarin Complexone staining in 26% (16 of 62) of analyzed larvae
which showed centra fusions at various regions along the vertebral col-
umn after 12–16 dot (see also Suppl. Figs. S2–S4). Importantly, centra
fusion was only observed after 18 dpf (12 dot), but not at 12 dpf and
15 dpf demonstrating that early patterning of somites, sclerotome and
vertebral bodies was not affected by Mtz treatment (see Supplemental
Fig. S3). Such fusion phenotypes were only observed in Mtz treated
osx:CFP-NTR larvae but neither in DMSO controls (n=58) nor in osx:
Fig. 4. Conﬁrmation of osteoblast loss by osc expression analysis. Ventral view of DMSO
controls (A/A′, C/C′) and Mtz treated larva (B/B′, D/D′) at 12 dpf (6 dot) and 18 dpf (12
dot), respectively. Note that Mtz treated larvae show less osteocalcin (osc) expression
when compared to controls. A′–D′ represent higher magniﬁcation views of areas
boxed in A–D. Data were obtained from two (12 dpf) and one (18 dpf) independent
experiments.
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or wildtype larvae (n=23, DMSO treated; n=17, Mtz treated). This
suggests that the phenotype is a direct consequence of NTR/Mtz medi-
ated osx+ cell ablation.
To analyze the centra fusion phenotype in more detail, we per-
formed Transmission ElectronMicroscopy (TEM) studies onMtz trea-
ted transgenic larvae and DMSO treated controls. Larvae for analysis
were selected based on a strong reduction of CFP expression upon
Mtz treatment. DMSO treated controls (Fig. 6A–F) showed formation
of regularly positioned intervertebral spaces as evident by infoldings
of non-mineralized parts of the notochord sheaths (Fig. 6C, D). Out-
side the intervertebral regions, the mineralized notochord sheath
was overlaid with an elastic layer covered by a layer of mineralized
bone (Fig. 6E, F). Mtz treated larvae, in contrast, surprisingly showed
an almost complete absence of notochord sheath infoldings along the
vertebral axis (Fig. 6G–J). Osteoblasts were absent (Fig. 6H), and
there was no mineralized bone matrix deposited on top of the noto-
chord sheath (Fig. 6K, L). The notochord sheath itself was signiﬁcantly
thicker than that of DMSO treated controls (compare insets in Fig. 6B
and H). Muscle ﬁbers on the other hand were normally formed and
arranged with regular intersegmental boundaries showing that pat-
terning in other structures was not affected (Fig. 6G).Taken together, these data suggest that depletion of osx+ osteo-
blasts reduces ossiﬁcation of early bone structures, such as the clei-
thrum, operculum in the head skeleton, as well as the neural arches
and perichordal centra of the vertebrae. Interestingly, however, abla-
tion of osteoblasts also resulted in the loss of distinct intervertebral
spaces, evident by missing infoldings of the notochord sheath, and
therefore loss of segmental identity of the vertebral centra. This
may have led to the fusion of centra and continuous mineralization
of the notochord sheath in a signiﬁcant proportion of NTR/Mtz trea-
ted embryos.
osx+ tissue regenerates after Mtz treatment
Next, we addressed whether ablated osx+ cells can be replenished
after Mtz treatment to regenerate bone tissue. osx:CFP-NTR larvae
were subjected to Mtz treatment from 6 dpf to 15 dpf (9 days) to ab-
late osx+ cells (Fig. 7A). Compared to DMSO controls (Fig. 7B, B′), Mtz
treated larvae showed severe reduction of osx+ cell numbers as evi-
dent by reduced CFP ﬂuorescence (Fig. 7C, C′). Subsequently, the Mtz
solution was removed, larvae were washed several times in Danieau's
solution and allowed to recover for 10 more days until day 25. For
this, single larvae were kept individually to allow tracking of particu-
lar recovery situations. The status of osteoblast regeneration was
assessed at day 20 (5 days post treatment, dpt) and day 25 (10
dpt). At 5 dpt, we observed an increase of CFP ﬂuorescence in all 11
Mtz treated larvae (Fig. 7C, C′, E, E′). Compared to controls at the
identical stage, however, there was still less CFP signal in these larvae
(Fig. 7D, D′, E, E′). At 10 dpt, over 50% of the Mtz treated larvae
showed almost identical CFP signal intensity when compared to con-
trols at 5 dpt (Fig. 7D, D′, G, G′). However, the size of the operculum
after 10 days of regeneration was comparable to controls at 15 dpf
(compare Fig. 7G′ to B′). Taken together, these data suggest that me-
daka larvae are able to compensate for the loss of osteoblasts by re-
generation in this cell lineage.
Discussion
This study shows for the ﬁrst time the successful application of
the NTR/Mtz cell ablation system in medaka. In the past, this sys-
tem has enabled tissue speciﬁc cell ablation in mouse cell cultures
(Bridgewater et al., 1995) with CB1954 as prodrug and in zebra-
ﬁsh (Curado et al., 2008; Pisharath et al., 2007). To efﬁciently ab-
late osteoblasts in our osx:CFP-NTR medaka model, we had to
modify previously described protocols. In our experiments, only
homozygous individuals showed efﬁcient cell ablation while het-
erozygous did not (data not shown) indicating the requirement
of a critical threshold of NTR. In previous reports using transgenic
zebraﬁsh expressing tissue speciﬁc NTR, substantial cell ablation
has been detected after 24 hour exposure to 10 mM Mtz (Curado
et al., 2008; Pisharath et al., 2007). For an efﬁcient ablation of os-
teoblasts in osx:CFP-NTR medaka, however, larvae needed to be
exposed to 10 mM Mtz for at least 6 days. We hypothesize that
it takes a higher dose of Mtz to reach the osteoblasts that are gen-
erally surrounded by dense extracellular matrix. In addition, also
higher levels of NTR-metabolized Mtz might be needed to exert
any toxic effect on osteoblasts. Unfortunately, a detailed study
testing the effect of Mtz on different cell types is lacking, but we
assume that osteoblasts might be more resilient than e.g. liver
cells as described before. After 6 dot, cell ablation was mostly ob-
served in skeletal elements that showed CFP-NTR expression al-
ready at the start of treatment, namely the cleithrum and
operculum. Here, cells metabolized Mtz throughout the entire in-
cubation period, which eventually resulted in ablation. In contrast,
CFP was also observed at 6 dot in elements which contain cells
with a later onset of endogenous osx expression, i.e. the hyosym-
plectic, the quadrate or the branchiostegal rays (Renn and
Fig. 5. Ablation of osx+ osteoblasts leads to defective ossiﬁcation in head and axial skeleton. A–N. Lateral views of head region of DMSO control (A–G) and Mtz treated larva (H–N).
B–D and I–K are higher magniﬁcation views of cleithrum boxed in A and H, respectively. Operculum of a DMSO control (E–G) and Mtz treated larva (L–N). Note: Loss of CFP and
absence of mineralization in cleithrum and operculum of Mtz treated larvae when compared to controls. O–T. Views on anterior centra in DMSO controls (O–Q) and Mtz treated
larvae (R–T). Arrow in O points at CFP positive cells in rostral area of centra. Arrowheads in P and S indicate intervertebral regions. Arrow in S points at disorganized neural
arch. Note loss of CFP and fusion of anterior centra in Mtz treated larva. Q, T. Merged images of O/P and R/S, respectively. U–X. Lateral views on DMSO control (U, V) and Mtz treated
larvae (W, X). Note fusion of centra in Mtz treated larva. U and W images were taken with a stereomicroscope, all others with a confocal microscope. V and X are projections of
confocal z-stacks, all others are single stack images. All pictures were taken at 18 dpf (12 dot) with anterior to the left.
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riods due to the later onset of osx-promoter driven CFP-NTR ex-
pression suggesting that accumulation of the cytotoxic drug
might not have reached toxic levels in the analyzed time window.
The frequently observed death of osx:CFP-NTR and osx:mCherry/
wildtype control larvae after long time Mtz exposure suggests that
also non-processed Mtz has unspeciﬁc toxic effects. In addition, sur-
vival rates of Mtz exposed osx:CFP-NTR larvae (25%) were lower
than those of osx:mCherry (33%) and wildtype larvae (53%) suggest-
ing off target toxicity also of NTR metabolized Mtz during long time
exposure. Consistently, increase of Mtz concentration to 20 mM
resulted in even lower survival rates (data not shown). Increase of
temperature to 37 °C, on the other hand, did not enhance NTR/Mtzspeciﬁc cell ablation, as expected from earlier reports (Emptage
et al., 2009). The reasons for the different observations made in me-
daka and zebraﬁsh studies are not clear but might be due to species
and/or tissue-speciﬁc differences and/or different promoter efﬁcien-
cies. All successful NTR approaches in zebraﬁsh published so far re-
port efﬁcient cell ablation within 24 h of exposure, suggesting that
the resilience might be due to species speciﬁc features, rather than
a particular tissue.
Using Acridine Orange and TUNEL assays, we could show that the
loss of osteoblasts is due to apoptosis. This is in line with previous re-
ports on the mode of NTR/Mtz facilitated cell ablation in zebraﬁsh
(Curado et al., 2008; Pisharath et al., 2007). However, due to the rath-
er slow cell ablation process apoptosis was only detectable in areas of
Fig. 6. Analysis of centra formation by light and transmission electron microscopy (TEM). A–F. DMSO treated control. G–L. Mtz treated animal. A, G. Light microscopic micrographs
of sagittal 1 μm sections through notochord, toluidine blue staining. B–F and H–L. TEM micrographs of selected regions of the notochord. Anterior to the left in all ﬁgures. A. In con-
trols, intervertebral spaces are distinct as infoldings of the notochord sheath (white asterisks); scale bar=50 μm. B. Both dorsally and ventrally, the notochord sheath is deeply
folded at the level of the intervertebral space (white asterisks), black arrowheads point to osteoblasts; scale bar=10 μm. Inset: the notochord sheath in the region of the interver-
tebral space is considerably thinner (black bracket) than in the Mtz treated animal (compare with H inset). C, D. Magniﬁcations of intervertebral spaces, dorsal and ventral side,
respectively. Note presence of a thin layer of bone (black arrowhead) at the level of the future vertebral body. White arrowhead, elastic membrane; white asterisk, notochord
sheath; scale bar=5 μm. E. Center of a vertebral body. Note mineralized notochord sheath (white asterisk) and bone (black arrowhead) deposited by an osteoblast (black asterisk)
against the elastic membrane (white arrowhead); scale bar=2 μm. F. Magniﬁcation of notochord sheath and thin layer of bone; labeling as in E; scale bar=500 nm. G. Absence of
distinct intervertebral spaces in Mtz treated larvae; scale bar=50 μm. H. Underdeveloped dorsal intervertebral space (white asterisk) as indicated by the accumulation of noto-
chord cells, a slightly folded notochord sheath (black arrowhead) and a folded elastic membrane (white arrowhead). Note the lack of a ventral intervertebral space (white asterisk);
scale bar=10 μm. Inset: the notochord sheath is greatly thickened (black bracket) in the region of the underdeveloped intervertebral space. I, J. Magniﬁcations of the intervertebral
space shown in H, dorsal and ventral side respectively. Notochord sheath, white asterisk; no bone is visible at the level of the future vertebral end plates (white arrowheads); scale
bar=5 μm. K. Center of vertebral body. Note presence of mineralized notochord sheath (white asterisk) but absence of bone outside the elastic membrane (white arrowhead); scale
bar=2 μm. L. Magniﬁcation of the notochord sheath showing absence of bone; labeling as in K; scale bar=500 nm.
134 B. Willems et al. / Developmental Biology 364 (2012) 128–137highest osteoblast density, such as the basilar plate and the pharyn-
geal teeth. Onset of osc expression occurs later than osx in the process
of osteoblast maturation. Osc is expressed in mature osteoblasts in
Atlantic salmon and in medaka (Huysseune et al., 2008; Renn and
Winkler, 2010) and secreted into the extracellular bone matrix
(Hauschka et al., 1989). We could show that osc transcription is re-
duced in Mtz treated larvae conﬁrming ablation of cells that become
mature osteoblasts.The impact of osteoblast ablation on bone mineralization was
assessed by life skeletal staining with ALC in Mtz treated osx:CFP-
NTR larvae. The cleithrum as part of the shoulder girdle, and opercu-
lum as a cranial bone showed reduction of mineralization suggesting a
discontinued deposition of extracellular bone matrix after ablation of
the majority of osteoblasts in these elements. The remaining mineral-
ized structures are probably deposits made by osteoblasts before the
NTR/Mtz driven ablation occurred. In neural arches, osteoblast ablation
Fig. 7. Regeneration of ablated osx:CFP-NTR cells. A. Schematic view of experimental timeline. osx:CFP-NTR larvae were incubated in Mtz for the indicated period (6 dpf–15 dpf).
Subsequently, larvae were allowed to recover for 10 days. Images were taken at time points indicated (15/20/25 dpf). DMSO controls (B) and Mtz treated larva after treatment
(C). Arrows in B′ indicate cleithrum (cl) and operculum (op). D–G. CFP expression in controls (D, F) and Mtz treated larva (E, G) after 5 and 10 days recovery, respectively. Note
increasing CFP in Mtz treated larvae during recovery. A′–G′ show high magniﬁcation views of areas boxed in A–G, respectively. All pictures were taken in lateral view with anterior
to the left. Data were obtained from three independent experiments.
135B. Willems et al. / Developmental Biology 364 (2012) 128–137also resulted in reduced mineralization. These arches were character-
ized by irregular shapes possibly due to mechanical effects exerted
from tissue growing around the mineralized arches.
Surprisingly, in the absence of bone, a fusion of centra and contin-
uous mineralization was observed in the vertebral column of 26% of
individuals treated with Mtz for 12–18 days. Mtz treatment was
started at 6 dpf to exclude any interference with early patterning of
somites and sclerotome. Consistently, we observed normally aligned
and segmented mineralized centra up to 15 dpf demonstrating that
chordal centra and intervertebral regions are initially placed in a
proper pattern and that fusion occurs progressively after the treatment
withMtz (Supplemental Fig. S3).We speculate that the observed verte-
bral fusion is caused by the ablation of osteoblasts positioned at the
edges of the rostro-caudally extending chordal centra as conﬁrmed by
TEM analysis.We could show that osteoblast ablation resulted in an ab-
errant morphology of the notochord sheath, which lacked its character-
istic infoldings, and therefore no longer displayed a distinct segmental
identity. This likely often resulted in a continuous mineralization of
the sheath at the expense of non-mineralized intervertebral spaces.
Studies in zebraﬁsh and Atlantic salmon have proposed a direct role
for notochord cells inmineralizing the notochord sheath, the innermost
layer of the centra (Fleming et al., 2004; Grotmol et al., 2005) and it is
tempting to speculate that osteoblasts and notochord cells might inter-
act in this process. It remains to be testedwhether notochord cells, upon
ablation of osteoblasts at the edges of the extending centra, become ac-
tivated to produce excess mineralized notochord sheath. Interestingly,
Spoorendonk et al. (2008) suggested the presence of osx-negative oste-
oblasts to be implicated in the process of rostro-caudal extension of the
chordal centra. This opens the possibility that osx-negative osteoblastscould be responsible for the centra fusion observed after ablation of
osx-positive cells. Unfortunately, however, such osx-negative osteo-
blasts remain speculative and still await identiﬁcation and characteriza-
tion. Importantly, how a metameric pattern is established in the teleost
vertebral column remains unclear. We show that osx-positive cells ﬁrst
appear at the anterior and posterior edges of each centrum and that
their ablation leads to disrupted intervertebral spaces and fusion of
the centra. Therefore, it is possible that the presence of osx-positive
cells could have a function in deﬁning the borders of the forming centra
thus contributing to maintain the primary notochord-based segmental
pattern of the vertebral column.
We could show that the osteoblast lineage is capable of regener-
ating after NTR/Mtz induced cell ablation. In all observed larvae, the
CFP signal gradually reappeared in skeletal elements after previous
cell ablation. Therefore, we assume that this lineage actively com-
pensates for the severe loss of osteoblasts. However, further studies
are required to clarify the underlying mechanisms and the origin of
newly formed osteoblasts. The ﬁeld of regeneration biology has rec-
ognized the potential of ﬁsh as model for heart (Poss, 2007), liver
(Sadler et al., 2007) or appendage regeneration (Iovine, 2007;
Knopf et al., 2011). In the future, studying osteoblast regeneration
in medaka via osx:CFP-NTR can help to gain a better understanding
of the processes involved in maintaining the equilibrium between
osteoblasts and osteoclasts as well as osteoblast reactivation and
growth. These mechanisms are vital for bone homeostasis and
often disturbed in human bone diseases. Thus, this could eventually
lead to new therapeutic strategies to counteract osteoporosis in
human patients as well as enhance regeneration of bone mass in
the process of fracture healing.
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Generation of osx:CFP-NTR medaka
The osx:CFP-NTR vector was created in two steps. First,mCherrywas
released from the ISce-pBSII-SK plasmid containing the 4.2 kb osx pro-
moter (Renn and Winkler, 2009) by digestion with BamHI and NotI
and replacedwith a short linker insert that contained the two additional
restriction sites SmaI and SalI (after annealing the two oligonucleotides
LinkerBamSmaSalNotA: 5′-GATCCCCCGGGAGATACAGTCGACGC-3′ and
LinkerBamSmaSalNotB: 5′-GGCCGCGTCGACTGTATCTCCCGGGG-3′).
Then, a fusion construct of the E. coli nfsB gene and the gene encoding
Cyan Fluorescent Protein (CFP) was isolated from the ins:CFP-NTR
plasmid (kindly provided by D. Stainier; see Curado et al., 2007) by
digestion with SmaI and SalI and ligated into the digested target vec-
tor. To generate transgenic medaka, the circular plasmid was
injected into one-cell stage embryos using the ISce-I meganuclease
technique (Rembold et al., 2006). Injected ﬁsh were selected for os-
teoblast speciﬁc CFP signal, raised and crossed to wildtype ﬁsh to
identify germline transmitting founders. Intercrossing F1 transgenic
ﬁsh yielded homozygous F2 embryos according to Mendelian ratios
of inheritance.
Dechorionation of medaka embryos and Mtz treatment
To dechorionate embryos before natural hatching a protocol
based on Pronase treatment was carried out (modiﬁed from
Villalobos et al., 2000). Embryos were incubated in 0.6 mg/ml
Pronase® (Boehringer Mannheim, Indianapolis, IN) dissolved in
dechorionation buffer (50 mM Glycin pH 9±0.3, Sigma in 1×
Danieau's solution) at 30 °C for 3–4 h. Subsequently, dechorionated
embryos were rinsed several times in 1× Danieau's solution.
Remaining chorions were removed manually using forceps. The con-
trol group was kept in 0.1% DMSO in 1× Danieau's solution. The
other group was incubated in 10 mM Metronidazole (Sigma) dis-
solved in Danieau's solution with 0.1% DMSO. Throughout the incu-
bation period, larvae were kept in 6-well plates at 30 °C in the
dark. Media were replaced once a day.
Skeletal staining
For life skeletal staining, 0.01% Alizarin Complexone (ALC, Sigma)
was dissolved in 1× Danieau's solution and ﬁltered through a 0.22 μm
pore size ﬁlter. Larvae were incubated in staining solution for 2 h at
30 °C in the dark. Subsequently they were rinsed several times in
1× Danieau's solution and mounted for microscopic imaging. Fixed
embryos were stained with Alizarin Red according to Walker and
Kimmel (2007).
Acridine Orange and TUNEL assay
To identify cell death in a living organism, larvae were incubated
for 20 min in 5 μg/ml Acridine Orange (Sigma) dissolved in 1×
Danieau's solution in the dark. Afterwards, larvae were washed 3
times in 1× Danieau's solution and mounted for imaging.
For TdT-mediated dUTP-biotin nick end labeling (TUNEL) assay,
embryos were ﬁxed in 4% paraformaldehyde over night. After 5
washes in PBST they were kept in absolute methanol. The assay was
carried out using the ApopTag® Peroxidase In Situ Apoptosis Detec-
tion Kit (Millipore, Temecula, CA) following the provided protocol.
Analysis of gene expression by whole-mount in situ hybridization
In situ hybridization to detect expression of osteocalcin was per-
formed as described previously (Renn and Winkler, 2010) with the
difference that ProteinaseK digestion was done for 1 h and theprocedure was carried out in 24-well plate format according to
Thisse and Thisse (2008).
Transmission electron microscopy
Two DMSO treated control larvae and two larvae treated for 12 days
with Mtz were embedded in epon according to standard procedures
(Huysseune and Sire, 1992), serially sectioned in a sagittal plane at
1 μm and stained with toluidine blue. At intervals, ultrathin sections
were collected, contrasted with uranyl acetate and lead citrate and an-
alyzed with a Jeol JEM 1010 transmission electron microscope.
Image acquisition
Bone mineralization stained with ALC and osteoblasts expressing
CFP were monitored by life ﬂuorescent imaging using a Nikon
SMZ1000 stereomicroscope with FRITC and CFP ﬁlter sets and NIS-
element BR software (Nikon). For a more detailed view, larvae were
subjected to confocal microscopy using a LSM 510 Meta (Zeiss). CFP
was detected by excitation with an argon multi-line gas laser at
458 nm and detection through the LP 475 nm ﬁlter. ALC was detected
by excitation with a Helium Neon gas laser at 543 nm and detection
through the LP 560 nm ﬁlter. LSM software (Zeiss) was employed
for image processing. For mounting, larvae were anesthetized in
0.05% Tricaine (Sigma) and immobilized in 3% methylcellulose
(Sigma) for stereomicroscopy or in 1.5% low melting agarose
(BioRad) for confocal microscopy.
Supplementary materials related to this article can be found online
at doi:10.1016/j.ydbio.2012.01.023.
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